Abstract
Introduction
Advanced hydrometallurgical recycling of electric and electronic waste streams, that include neodymium-iron-boron (NdFeB) and samarium-cobalt (SmCo) permanent magnets, fluorescent lamp phosphors rich in rare earths (Y, Eu, Tb), nickel -metal (La, Ce) -hydride car batteries and other end-of-life items [1, 2] , as well as spent nuclear fuel [3] demands efficient and environmentally friendly liquid-liquid extraction ligands for recovery of lanthanide (Ln) metals. The common requirement for such new ligands is their complete incinerability. This requirement is motivated by research on nuclear fuel recycling, showing that the incineration of a redundant liquid-liquid extraction ligand reduces the secondary waste generation [3, 4] .
We believe that novel malonamide-based extractants can contribute to the development of advanced hydrometallurgical technologies for recycling of lanthanides. Malonamides are known to extract trivalent lanthanide ions from aqueous solutions [5] [6] [7] [8] . They comply with the criterion of being completely incinerable ligands. Malonamides are stable at high concentrations of mineral acids and do not form undesirable by-products upon radiolysis [9] .
But in spite of that they have noticeable disadvantage of fairly low distribution ratios of trivalent lanthanides in comparison to some other liquid-liquid extraction ligands, such as N,N,N',N'-tetraoctyldiglycolamide (TODGA) [10] . The possible solution to this problem is to increase the denticity, i.e. the number of coordination sites, of the bidentate malonamides. Since trivalent lanthanides have high coordination numbers (e.g. nine in aqueous solutions for most Ln(III) ions [11] ) it is argued that the application of polydentate liquid-liquid extraction ligands, often referred to as multicoordinate ligands [12] , might result in higher distribution ratios of these metal ions due to the entropic effect [12, 13] .
The 'polydentate' approach to the design of new malonamide-based extractants for trivalent fblock elements was employed by several research groups, who synthesized a number of bisand trismalonamide derivatives by linking two or three bidentate malonamides with a carrier molecule (a platform) [13] [14] [15] . In these extractants the number of malonamide ligating groups onto platforms (i.e. two in bis-and three in trismalonamides, respectively) was selected with an intention to replicate the 1:2 or 1:3 metal-to-ligand ratios of known nitrato complexes of trivalent lanthanides with conventional (bidentate) malonamide ligands, carrying two coordinating carbonyl oxygen atoms [13] [14] [15] . Obviously there was a hope that all malonamide fragments of a molecule of these polydentate extractants would coordinate to a central lanthanide(III) ion. In other words it was anticipated that bis-and trismalonamides would extract trivalent lanthanides as tetra-and hexadentate ligands, respectively. Otherwise little entropy-induced gain in a free Gibbs' energy of a metal extraction can be expected for these ligands, and consequently the increase in the distribution ratios of lanthanides(III) likely would not happen.
While D. Janczewski et al. reported that the trismalonamides show low distribution ratios of trivalent europium similar to those for conventional bidentate malonamides [14] , M.T. Murillo et al. demonstrated that the bismalonamides can outperform bidentate malonamides in the extraction of Eu(III) [13] . However it was noticed for the bismalonamide ligands that the structure of a platform as well as the mode of attachment of a malonamide units to a platform (i.e. by N-or C-alkylation) affect strongly the distribution ratio of Eu(III), so that only some bismalonamides displayed higher distribution ratios than the reference bidentate malonamides [13] .
The analysis of the coordination of the polydentate malonamides with trivalent lanthanides could explain the reasons for their different liquid-liquid extraction performance. So far the studies of the lanthanide(III) complexes with bis-and trismalonamides were limited solely to the liquid-liquid extraction experiments, namely the analysis of the stoichiometry of extracted species by the method of slopes [13] [14] [15] . Unfortunately this method has serious limitations: when correctly applied it can only tell one the empirical ratio between a metal and a ligand in species extracted into an organic phase, not answering the important question of the spatial arrangement of ligands around the metal ion. Thus, despite knowing the metal-to-ligand ratios in the extracted species from the slope analysis (it was ranging from 1:2 to 1:2.7 for the examined bismalonamides), M.T. Murillo et al. could not determine the coordination environment of Eu(III) in these complexes, i.e. it was unclear whether the studied bismalonamides were acting as mono-, bi-or polydentate ligands [13] . As a result the differences in the performance of the bismalonamides in liquid-liquid extraction of Eu(III) remained unexplained.
The absence of any coordination studies of the polydentate malonamide complexes with trivalent lanthanides became the bottleneck for the development of this group of liquid-liquid extraction ligands. The work described in this paper was aiming at helping to fill in this gap of knowledge. Recently we have reported new bismalonamide ligand -2,2'-(1,2-phenylenebis(methylene))bis(N,N,N',N'-tetrabutylmalonamide) -bearing two C-alkylated malonamide units onto an ortho-xylylene platform, which demonstrated higher distribution ratios of Ln(III) than the reference bidentate malonamide [16] . We extend this research with a focus on the coordination studies of the bismalonamide ligands with trivalent lanthanides. Four new crystal complexes of the bismalonamide with trivalent lanthanides were prepared and analyzed with single-crystal X-ray diffraction (XRD). Thus information regarding the coordination environment of lanthanide(III) ions in their complexes with the bismalonamide ligand was collected. In spite of the fact that single-crystal XRD is known as one of the best methods for structural determination, its results are valid for solid state complexes and should not be extrapolated directly to the related complexes in solutions. Keeping this in mind we complemented our single-crystal XRD research with the solution-state studies of the bismalonamide-lanthanide(III) complexes using electrospray ionization -mass spectrometry (ESI-MS).
Results and Discussion
Crystal structures.
The bismalonamide 2,2'-(1,2-phenylenebis(methylene))bis(N,N,N',N'-tetrabutylmalonamide) (1a) was found to be particularly efficient at extracting trivalent lanthanide ions from nitric acid solutions [16] . It was suggested that this ligand could coordinate to a metal ion with four carbonyl oxygen atoms, as its ortho-xylylene platform holds two malonamide groups close together [16] . This coordination mode promotes favorable entropy changes of the reaction and therefore might explain increased distribution ratios of lanthanide(III) ions with bismalonamide 1a in the process of liquid-liquid extraction.
Ligands such as 1a, being used for liquid-liquid extraction of metal ions, usually contain long alkyl (chained or branched) groups in their structures to enhance the solubility of extracted complexes in organic solvents. As a rule such ligands are not suitable for collecting crystallography data because long alkyl groups decrease the crystallinity of metal complexes.
Homologous ligands with shorter alkyl groups are used instead for crystallography research [17] , since it is argued that they form complexes with an equal coordination environment of a metal. For instance, different length of alkyl groups in N-tetrasubstituted methylmalonamide [18] , ethylmalonamide [19] and butylmalonamide [20] does not change the coordination environment of a lanthanum(III) central ion in the respective nitrato crystal complexes.
In our work 2,2'-(1,2-phenylenebis(methylene))bis(N,N,N',N'-tetraethylmalonamide), which is the octaethyl homologue of bismalonamide 1a, was prepared. Named as bismalonamide 1b and denoted as L in the structural formulae, this ligand was used to grow crystal complexes with trivalent lanthanide ions. Bismalonamide 1b was reacted with every member of the lanthanide series, excluding radioactive promethium, in nitrate media in acetonitrile. However single crystals, suitable for a structure determination, were obtained only for the neodymium and cerium compounds. No attempt was made to prepare perchlorate single crystal complexes of bismalonamide 1b with the whole lanthanide series, only the neodymium(III) complex was prepared.
The coordination of the lanthanides in the obtained structures, described below, was investigated with single-crystal XRD.
[Nd2(NO3)6L2]·(CH3CN)3 (2). The compound 2 is composed of the dimeric species Nd2(NO3)6L2 and three molecules of acetonitrile (the solvent), trapped in cavities in the crystal.
There are two crystallographically equivalent neodymium atoms in the dimer Nd2(NO3)6L2. The bond distances between neodymium(III) ion and its coordination environment (i.e. nitrates and malonamide moieties) in the compound 2 are listed in Table S1 . These are similar to the corresponding distances in the nitrato complexes of Nd(III) with conventional bidentate malonamides reported in the literature [21] [22] [23] .
The unique feature of the compound 2, which clearly distinguishes it from all known crystalline nitrato complexes of lanthanide(III) ions with malonamides, is the binuclear coordination of the ligand with neodymium(III) (the distance between two Nd atoms in the dimeric complex is 8.467 Å). Moreover, the binuclear species Nd2(NO3)6L2 in 2 is a macroheterocycle rather than a bridge-type structure such as the binuclear complexes of lanthanide(III) nitrates with succinamides [24] . The metal-to-ligand stoichiometry in 2 is 2:2 (or 1:1 when the empirical ratio of Nd-to-L is considered). (Table S1 ). The distances between two Nd atoms in the crystallographically independent halves of the cationic complex There is a C2 rotational symmetry in the complex 4. The C2 axis passes through the cerium atom and the average of the two locations of the disordered nitrate's nitrogen atom ( Figure 5 ).
The bond distances of the Ce(III) coordination environment are reported in Table S1 . The mean value of the Ce 3+ -O bond distances in 4 (2.57(1) Å) is larger than that in the neodymium(III) complex 2 (2.54(1) Å), which can be reconciled by the difference in the ionic radii of the two ions [26] . The compound 4 has a metal-to-ligand stoichiometry of 1:2.
Despite the quality of the crystallographic data for the compound 4 is lower than desired we regard this species as an important one. The structure 4 illustrates that it is possible to open the macrocycle in 2 by bonding a single metal atom only to half of the amide oxygen atoms present in a molecule of the bismalonamide. (Table S1 ). However these distances are the shortest in the structure Although perchlorate based industrial liquid-liquid extraction systems for metals may not be attractive for safety reasons, this weakly-coordinating anion can be used to provide valuable structural information from its complexes with metals. Thus the structure 5 proves that the bismalonamide ligand can be tetradentate.
On the denticity of the bismalonamide 1b in its crystal complexes with lanthanides(III).
Each of the crystal structures 2-5 has a specific coordination of ortho-bismalonamide 1b with a lanthanide(III) ion. It illustrates the complexity and diversity of the coordination chemistry of the bismalonamide ligands. These structures elucidate the essential question of the denticity of the ortho-bismalonamides in their complexes with trivalent lanthanides.
In the structure Ce(NO3)3·L2 (4) bismalonamide 1b acts as a bidentate ligand, being an equivalent of a conventional bidentate malonamide in the sense of the metal coordination. Thus, despite possessing four potentially coordinating carbonyl oxygen atoms, bismalonamide 1b does not attain the principle of the polydenticity in the structure 4. Therefore no entropyinduced energy gain can be expected for such coordination. In the crystal complex An important conclusion can be drawn from the structures 2-5 regarding the effect of a counterion on the coordination of the ortho-bismalonamides with trivalent lanthanides. In the structure 5 perchlorate anions do not coordinate with a lanthanide(III) ion, thus prompting bismalonamide ligands to fill up its coordination sites in a polydentate manner. Bi-and tridentate nitrate anions in the structures 2-4 do coordinate to a lanthanide(III) ion and occupy five to six coordination sites of it, reducing (but not eliminating) the chances of the orthobismalonamide for a polydentate coordination with a metal ion. In general the polydentate coordination mode of the bismalonamides with trivalent lanthanides should be more common for a medium with a weakly coordinating counter-ion.
The information on the compositions of the structures 2-5 was obtained from single-crystal XRD analysis. The stoichiometric ratio of neodymium(III) to bismalonamide 1b in the structure 2 and in the cation of 3 is 2:2, however it is reduced to 1:1 for the empirical metal-to-ligand ratio. The structures 4 and 5 have identical 1:2 lanthanide(III)-bismalonamide 1b stoichiometric ratios in spite of the fact that the coordination modes in these complexes are completely different. The slope analysis, routinely used to establish the composition of the extracted metal species [13, 14] , would be incapable of neither the recognition of the dimeric character of the lanthanide species in 2 and 3 nor the distinguishing between the structures in the pairs 2-3 and 4-5 with the isostoichiometric compositions, which emphasizes the importance of the collected coordination data for the structures 2-5.
Electrospray Ionization -Mass Spectrometry.
The analysis of the compounds 2-5 with single-crystal XRD allowed us to examine the coordination of trivalent lanthanide ions with the ortho-bismalonamide 1b in a solid state. To be able to know how far the collected crystallography data can be applied for an explanation of a liquid-liquid extraction of lanthanides with ortho-bismalonamides such as 1a, the speciation of the solution-state metal complexes with a bismalonamide ligand is needed.
In the method of slow solvent evaporation, used to obtain crystal structures 2-5, a solid-state metal complex (i.e. a crystal) is evolving under continuous exchange of a matter with solutionstate metal complexes. Therefore the genesis and the mutual transformations of solid-and solution-state complexes can be best established from the analysis of a mother liquor for the respective crystals. In our work the speciation analysis of the lanthanide(III)-bismalonamide complexes was carried out by electrospray ionization -mass spectrometry (ESI-MS) for those acetonitrile solutions that were used to prepare single-crystals. The solutions were diluted with acetonitrile before the measurements as required by the method.
The ESI-MS technique is widely used to investigate the metal-ligand interactions, namely to determine precisely the composition of the complexes in solutions, since it enables to preserve and transport metal-ligand complexes from a solution to a gas phase [29] [30] [31] .
Since neodymium is a central atom in the crystal structures 2 and 3, this metal was selected for the ESI-MS analysis of its nitrato complexes with bismalonamide 1b in acetonitrile solutions.
The complicated isotopic composition of neodymium, which has seven naturally occurring isotopes: Nd-142 (27.13%), Nd-143 (12.18%), Nd-144 (23.80%), Nd-145 (8.30%), Nd-146 (17.19%), Nd-148 (5.76%), Nd-150 (5.64%) [32] , makes the recorded ESI-mass spectra of its complexes with bismalonamide 1b being inconvenient for analysis (these spectra can be found in the Supporting Information). On the other hand praseodymium, adjacent to neodymium in the Periodic Table of the Elements, has very similar chemical properties and therefore should form solution-state complexes of the same composition. Naturally occurring praseodymium has only one isotope Pr-141 (100%) [32] , which facilitates the analysis of ESI-mass spectra. We recorded the ESI-mass spectra of the praseodymium(III) complexes with bismalonamide 1b in acetonitrile and compared it with those for neodymium. This comparison demonstrated clearly that the speciation of the lanthanide(III) complexes is identical for both metal ions. For the sake of conciseness we discuss further only the ESI-mass spectra of praseodymium(III) complexes with bismalonamide 1b.
Positive electrospray ionization -mass spectra were recorded for the bismalonamide 1b solution and for two solutions of praseodymium(III) nitrate and bismalonamide 1b with the 1:1 and 1:2 metal-to-ligand molar ratios, respectively. All spectra were recorded in acetonitrile (Figure 8 Figure 8 ). In order to identify these species positive high-resolution ESI-mass spectra of the praseodymium(III) complexes were recorded for both solutions ( Figure 9 ). The identified praseodymium(III) species are listed in Table 1 . 
The presence of the praseodymium(III) dimeric complexes in both solutions obscures the 
Comparison of results obtained by different methods.

M.T. Murillo et al. has demonstrated earlier that the bismalonamide ligands can extract
europium(III) ions from aqueous solutions with higher distribution ratios than the related bidentate malonamides [13] . It was suggested that the higher distribution ratios of lanthanide(III) ions with the bismalonamides could result from favorable entropy changes in the metal extraction reaction, assuming that the bismalonamides were extracting trivalent lanthanide ions as the tetradentate ligands [13] . However neither of these two hypotheses have been tested experimentally. So far no research was conducted on the coordination of the 
where Ln and L represent a lanthanide ion and a bismalonamide molecule respectively, and the subscripts (aq) and (org) correspond to the aqueous and the organic phases of the extraction system, respectively. The equilibrium constant Kex of the reaction (3) is defined by the equation:
where the square brackets stand for the activities of the corresponding species.
The distribution ratio (D) of a lanthanide ion is described by the equation:
where β1 and β2 are the stability constants of the nitrate complexes of Ln(III) in an aqueous phase.
From the equations (4) and (5) one can derive a new equation which suggests that a distribution ratio should be proportional to an equilibrium metal concentration in an aqueous phase provided that the dimers are the dominant species in an organic phase:
As long as the nitrate concentration in the aqueous phase remains constant, the complexation of nitrate to the lanthanide will not prevent the distribution ratio being proportional to the lanthanide concentration. However the liquid-liquid extraction experiment, in which the lanthanide concentration was varied, demonstrated that the distribution ratios of neodymium and ytterbium were not dependent on the equilibrium metal concentration in an aqueous phase ( Figure 10 ). These results indicate that the dimers of the bismalonamide 1a and lanthanide(III) ions were not being formed under the selected experimental conditions. Also when the diluent of an organic phase was nitrobenzene no evidence for the dimer formation was observed by liquid-liquid extraction [16] . We reason that the formation of the dimers in acetonitrile is governed by concentrations of a metal and the ligand (Figures 8 and 9 ). We conclude that in liquid-liquid extraction processes the dimers could be formed only at exceptionally high metal loading of an organic phase, however a failure to observe an effect is not itself a proof that the effect does not exist. The dimeric lanthanide complexes obtained in our work expand the conventional view on the coordination of multicoordinate ligands with metal ions despite this particular coordination occurs under specific conditions. It is commonly accepted that multicoordinate ligands, such as the bismalonamides, extract metal ions with higher distribution ratios, than ligands which have the same donor atoms but with lower denticities, for entropic reasons [12, 13] . For an entropic advantage to exist the bismalonamides must act as tetradentate ligands towards a metal ion. The tetradentate coordination of bismalonamide 1b with Nd(III) was realized in the structure 5, which confirms on the qualitative level that the entropy-favorable coordination of lanthanide(III) ions with bismalonamide ligands is possible.
The combination of single-crystal X-ray diffractometry, electrospray ionization -mass spectrometry and liquid-liquid extraction for the studies of the lanthanide(III)-bismalonamide complexes rewarded us with better understanding of the coordination chemistry of the bismalonamides with trivalent 4f-block elements. Our results may assist the development of this group of liquid-liquid extraction ligands and indicate that thermodynamic data is required for further contribution to this goal.
Experimental Section
Materials and Instruments.
The reagents for syntheses were purchased from Aldrich and were used as supplied. The purity of all reagents used was at least 97%. N,N,N',N'-tetraethylmalonamide was synthesized from malonyl chloride and diethylamine [5] and purified by vacuum distillation (b.p. 116-118 °C at 1 mbar) before use. The bismalonamide 2,2'-(1,2-phenylenebis(methylene))bis(N,N,N',N'-tetrabutylmalonamide) (1a) was prepared as reported earlier [16] . Aromatic kerosene Solvesso 150 ND (C10, aromatics, < 1% naphthalene), used as a diluent in liquid-liquid extraction experiments, was purchased from IsoChem AB (Sweden).
All nuclear magnetic resonance (NMR) experiments were performed using an Agilent400-VNMRS400 (400 MHz) spectrometer (Agilent).
The infra-red (IR) spectrum was collected using a Nicolet 6700 FT-IR spectrometer (Thermo Scientific), equipped with a diamond attenuated total reflectance (ATR) cell. The resolution was set to 4 cm -1 and 64 scans of a sample were made for the FTIR spectrum recorded. When reporting infrared spectrum the following abbreviations were used to indicate the intensity of the absorption peaks: v -very, br. -broad, m -moderate, s -strong and w -weak.
Melting point was determined in glass capillaries using a Gallenkamp Melting Point Apparatus equipped with a liquid in glass thermometer. Melting point was uncorrected.
Inductively coupled plasma-mass spectrometer measurements were conducted using an iCAP Q spectrometer supplied by Thermo Scientific.
Preparation of the bismalonamide 1b.
The ligand 2,2'-(1,2-phenylenebis(methylene))bis(N,N,N',N'-tetraethylmalonamide) (1b) was synthesized from N,N,N',N'-tetraethylmalonamide and 1,2-bis(bromomethyl)benzene in tetrahydrofuran as previously described for 1a [16] . and should be handled accordingly [36] .
Single-crystal X-ray diffractometry. Empirical absorption corrections were applied to the linear absorption coefficients μ of the structures 2, 4, 5, and the data were corrected for Lorentz and polarization effects. The spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm, were used for correction of μ of the structure 3. = 0.0520 and wR2 = 0.1500, respectively ( Table 2 ).
The structure 3 was solved by structure-invariant direct methods and expanded using Fourier techniques. Hydrogen atoms were refined using the riding model. The final cycle of full-matrix
least-squares refinement on for the structure 5 ( Table 2) .
Neutral atom scattering factors were taken from International Tables for Crystallography (IT) , [42] . Anomalous dispersion effects were included in Fcalc [43] ; the values for Δf' and Δf" were those of Creagh and McAuley [44] . The values for the mass attenuation coefficients are those of Creagh and Hubbell [45] . All calculations were performed using the CrystalStructure [46] crystallographic software package except for refinement, which was performed using SHELXL2013 [47] for the structure 2 and SHELXL Version 2014/7 [48] for the structures 3-5. Table 2 contains selected crystallographic data and refinement details for the prepared compounds. Electrospray Ionization -Mass Spectrometry.
Ligand 1b was used in all electrospray ionization -mass spectrometry (ESI-MS) experiments. of the sample, diluted to 10 μg/mL with acetonitrile, into the positive ESI ion source of the mass spectrometer (Agilent 6520) using a syringe pump (flow rate -300 μL/hour).
Liquid-liquid extraction.
Liquid-liquid extraction experiments and the data processing were performed by using the methods described previously [16] . The organic phase was pre-equilibrated with 3 M solution of nitric acid. Inductively coupled plasma-mass spectrometry (ICP-MS) was used to measure the concentrations of the metal ions in aqueous solutions. All extraction tests were performed in triplicate. The reported D ratios are the mean of three experiments.
Conclusions
Single-crystal XRD analysis was performed for the crystal structures of ortho-bismalonamide 
